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SUMMARY 


The  most  stressing  weather  scenario  for  a  long  range  airborne  radar  is  looking 
to  the  limb  of  the  earth,  and  beyond,  in  an  extensive  precipitating  stratiform 
-system.  This  is  due  to  both  the  long  horizontal  path  lengths  which  must  tra¬ 
verse  the  longest  dimensions  of  stratiform  clouds  and  the  shortest  dimensions 
of  the  less  frequently  occurring  thunderstorms^  Realistic  vertical  profiles 
of  cloud  density,  effective  rainfall  rate,  and  temperature  were  developed 
for  a  typical  extensive  system.  Cloud  and  rainfall  attenuations  were  then 
calculated  for  each  1000  foot  layer  of  the  system  for  each  of  two  seasons 
(fall -spring  and  winter)  over  the  microwave  radar  frequencies  (L-Band  through 
X-Band).  Total  two-way  path  attenuations  were  then  determined  for  each  of 
three  ranges  to  200  feet  from  a  65,000  foot  platform:  300  nm,  250  nm,  and 
200  nm.  The  total  two-way  results  are  given  below.  Also  examined  are  fre¬ 
quently  used  values  of  cloud  density  and  discrepancies  between  theoretical 
and  empirical  values  for  rainfall  attenuation  coefficients. 

Excess  Two-Way  Path  Loss  due  to  Weather  Attenuation  (in  dB) 

Fall-Spring  Winter 


200  nm 

250  nm 

300  nm 

200  nm 

250  nm 

300  nm 

L-Band 

.25 

.36 

.51 

.21 

.31 

.41 

S-Band 

.75 

1.08 

1.38 

.58 

.85 

1.16 

C-Band 

2.95 

4.34 

5.64 

2.14 

3.16 

4.32 

X-Band 

12.03 

17.92 

23.91 

7.65 

11.44 

16.19 
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PREFACE 
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For  several  DARPA  systems  which  make  use  of  airborne  radar,  the  relative 
merit  of  utilizing  various  frequency  bands  for  the  radar  must  be  considered 
in  assessing  future  systems  capabilities.  Operating  at  higher  frequencies 
yields  improved  accuracy,  resolution,  and  countermeasure  resistance,  however 
results  in  a  heavier  system  which  is  subject  to  greater  environmental  attenu¬ 
ation.  This  study  was  undertaken  to  assess  environmental  attenuation  aspects 
of  the  frequency  choice  decision  process,  by  quantifying  the  total  impact  of 
atmospheric,  cloud,  and  rain  attenuation. 

For  this  analysis,  scenarios  of  worst-case,  yet  regularly  occurring,  rainfall 
conditions  were  assumed.  A  large  amount  of  theoretical  and  experimental  data 
was  investigated  and  correlated.  From  this  information,  an  atmosphere/cl oud/ 
rain  attenuation  model  was  developed  and  calculations  were  carried  out  to 
determine  the  attenuation  of  potential  search  radars  at  frequencies  between 
L-  and  X-band. 
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ENVIRONMENTAL  ATTENUATION  OF  AIRBORNE  RADAR 


A.  Introduction 

Environmental  attenuation  of  microwave  radiation  is  caused  by  air,  clouds, 
fog,  rain,  snow,  ice,  dust,  and  smoke.  Of  these,  the  effects  of  atmospheric 
gases  and  vapors  are  the  best  understood  and  the  easiest  to  estimate,  and 
the  effects  of  water  aerosols  are  the  most  difficult  to  measure  or  predict. 

The  water  aerosols  causing  greatest  attenuation  are  clouds  and  rain. 

For  an  airborne  search  radar  in  the  microwave  region  (L  -  X-bands),  the  cloud/ 
rain  system  with  the  greatest  long  range  attenuation  impact  is  the  extensive 
precipitating  stratus  system,  primarily  consisting  of  nimbostratus  clouds  and 
light  rain  as  shown  in  Figure  1.  Precipitating  clouds  have  much  more  attenu¬ 
ation  than  non-precipitating  clouds  because  the  typical  cloud  aerosol  drops 
(and  hence  total  water  content)  are  much  larger  in  the  precipitating  clouds 
(perhaps  five  times  as  large).  In  addition  to  this,  there  are  the  losses 
directly  due  to  the  precipitation. 

Non-extensive  systems,  even  if  heavily  precipitating  locally  as  in  thunder¬ 
storms,  may  have  large  attenuations  per  unit  path  length  but  comparatively 
less  total  attenuation  due  to  the  short  total  path  lengths  through  the 
cloud.  (For  example,  the  rain  attenuation  at  X-band  through  the  center  of 
a  thunderstorm  can  be  as  high  as  2  dB/km;  however,  the  storm  area  would  be 
only  2-3  km  wide  and  its  location  would  be  rapidly  changing.)  Thunderstorms, 
In  addition  to  being  non-extensive,  are  of  infrequent  occurrence  over  most 
of  the  world,  as  will  be  discussed  later  in  Section  E.  In  addition,  the  indi¬ 
vidual  storm  cells  are  small  enough  that  high  speed  aircraft  cannot  remain 
within  or  behind  a  cell  for  very  long. 
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B.  Cloud  Attenuation 

Attenuation  by  clouds  is  one  of  the  more  stressing  effects  of  weather  upon 
the  propagation  of  microwave  radiation.  However,  the  commonly  made  assump¬ 
tion  of  a  cloud  with  uniform  aerosol  density  and  temperature  throughout  can 
substantially  overstate  the  attenuation,  particularly  in  the  case  of  a  long 
range  radar  looking  down  through  the  clouds  to  the  horizon. 

In  order  to  determine  with  increased  precision  the  effects  of  clouds  upon 
propagation,  realistic  cloud  density  and  temperature  profiles  have  been  used, 
and  the  resulting  attenuation  has  been  calculated  as  a  function  of  altitude, 
over  1,000  ft.  altitude  intervals.  The  refracted  path  of  radiation  over  a 
curved  earth  has  been  determined  for  several  target  ranges.  The  incremental 
attenuations  in  each  1,000  ft.  layer  are  then  added  together  and  the  sum 
doubled  to  yield  a  final  figure  for  two-way  transmission  through  the  cloud. 

1.  Cloud  Density  Profiles 

Typical  winter  and  fall-spring  density  profiles  of  nimbostratus  clouds,  after 
Prupacher  and  Klett,*  are  given  in  Figure  2,  for  peak  water  densities  of 
0.5  gm/m^,  which  is  representative  of  winter  conditions,  and  0.6  gm/m^,  which 
is  representative  of  fall-spring  conditions.  This  figure  is  used  here  as  the 
model  for  the  highest  densities  of  clouds  encountered  during  widespread  uni¬ 
form  precipitation.  The  seasonal  conditions  are  as  characterized  in  the 
Handbook  of  Geophysics  and  Space  Environments. 2  Figure  2A  (winter)  is  more 
sharply  skewed  with  the  peak  concentrations  higher  in  the  cloud  compared  to 
Figure  2 B  (fall-spring),  which  contains  a  higher  peak  concentration  and  more 
overall  water.  Both  profiles  are  typical,  however,  in  that  the  density 
Increases  from  a  minimum  at  the  base  of  the  cloud  to  a  maximum  in  the  upper 
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Altitude  (ft)  Altitude  (ft) 


Water  Density  Profiles 


Figure  2.  Cloud 
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half  of  the  cloud  and  then  decreases  again  to  a  minimum  at  the  cloud's  top. 

The  base  of  the  cloud  was  assumed  to  be  at  4000  feet  and  its  summit  at  12,000, 
this  geometry  being  typical  of  thick  nimbostratus. 

The  winter  profile  of  Figure  2  has  an  average  density  of  0.26  gm/m3,  while  the 
fall-spring  profile  has  an  average  density  of  0.33  gm/m3.  it  should  be  noted 
that  winter  clouds  tend  to  have  lower  densities  as  the  colder  air  can  support 
less  moisture.  Other  publications  (James, 3  Atlas, 4  Mason, 5  Gossard,^  and 
Davidson?)  estimate  similar  values  of  average  densities,  with  a  mean  value 
being  about  0.3  gm/m3.  The  use  of  the  higher  values  of  density  during  the 
fall-spring  season  is  conservative. 

It  should  be  noted  at  this  point  that  some  references  have  quoted  higher  cloud 
density  values.  For  example.  Bean  et  al®  in  the  Radar  Handbook  (referencing 
Donaldson9)  state  that  "the  liquid-water  concentration  in  clouds  generally 
ranges  from  1  to  2.5  gm/m3."  Bean  et  al  further  report  the  occurrence  of 
"isolated  instances  of  cumulus  congestus  clouds  with  a  reading  of  4.0  gm/m3 
in  the  upper  levels."  (Cumulus  congestus  are  similar  to  the  large  cumulo¬ 
nimbus  thunderstorm  clouds.)  It  appears  from  these  data  that  the  1-2.5  gm/m3 
refers  to  dense  cumulus-type  clouds,  which,  by  nature,  are  not  extensive  in 
breadth,  and  therefore  would  yield  a  lower  total  attenuation  over  a  long  path 
length  than  would  the  more  extensive,  but  lower  density  nimbostratus  cloud 
frontal  system.  The  matter  of  cloud  densities  is  discussed  in  more  detail  in 
Appendix  A. 
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2.  Cloud  Temperature  Profiles 

Temperature  profiles  within  clouds  tend  to  vary  quite  extensively  even  within 
a  given  weather  system,  so  mean  temperature  profiles  (horizontally  averaged) 
were  used.  Since  maritime  precipitating  clouds  tend  to  be  about  8°C  warmer 
than  continental  precipitating  clouds  at  60°N  latitude  (see  Mason10),  a  value 
of  eight  degrees  was  added  to  each  of  the  two  continental  profiles  used: 
fall-spring  and  winter.  The  continental  profiles  used  were  after  Atlas.2 

TABLE  1 

Temperature  Profiles 


h  (ft) 

T  ( °C)  Fall-Spring 

i  1  ■  "  1 

T  (°C)  Winter 

500 

16 

7 

1,500 

14 

2 

2,500 

12 

1 

3,500 

10 

2 

4,500  ' 

8 

3 

5,500 

6 

4 

6,500 

4 

2 

7,500 

2 

-1 

8,500 

0 

-5 

9,500 

-2 

-9 

10,500 

-3 

-15 

11,500 

-5 

-20 
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3.  Radar  Path  Length 

Figure  3  shows  the  basic  geometry  of  surveillance  from  a  high  altitude 
vehicle  looking  through  weather  to  the  limb  of  the  earth.  Clouds  were 
assumed  to  extend  from  12,000  down  to  4,000  feet  and  the  rain  from  the  0°C 
level  down  to  the  surface.  The  path  from  the  target  to  the  radar  passes 
through  57  urn  of  clouds  and  an  additional  103  nm  of  rain  in  the  Fall-Spring 
model  or  89  nm  of  rain  in  the  Winter  model.  The  rain  path  length  difference 
is  due  to  the  differing  heights  of  the  freezing  layer  with  the  seasons,  and 
therefore  the  rain  altitude. 


Figure  3.  Geometry  of  Typical  Rain  and  Cloud  Scenario 
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Since  both  temperature  and  density  vary  vertically  through  the  cloud,  the 
cloud  was  broken  into  a  series  of  horizontal  layers.  Because  the  profiles 
change  slowly  with  altitude,  1000  foot  layers  are  acceptable.  The  radar  path 
length  within  each  layer  is  calculated,  assuming  the  4/3  earth  refraction 
model.  Table  2  gives  the  path  length  within  each  1000  foot  layer. 


TABLE  2 

Radar  Path  Lengths 


hL 

(ft) 

hu 

(ft) 

(nm) 

200 

1,000 

24.38 

1,000 

2,000 

16.67 

2,000 

3,000 

12.63 

3,000 

4,000 

10.52 

4,000 

5,000 

9.24 

5,000 

6,000 

8.12 

6,000 

7,000 

7.66 

7,000 

8,000 

7.16 

8,000 

9,000 

6.68 

9,000 

10,000 

6.36 

10,000 

11,000 

6.01 

11,000 

12,000 

5.77 

4.  Attenuation  Calculation 

There  are  two  widely  used  and  essentially  similar  sources  for  cloud  attenu¬ 
ation  data:  Ryde  and  Ryde^  and  Gunn  and  East. 12  Ch en*3  and  Goldstein^  (in 
Kerr  Propagation  of  Short  Radio  Laves)  both  follow  Ryde  and  Ryde.  Bean 
et  al®  (authors  of  Chapter  24  of  Radar  Handbook,  Skolnik,  1970)  follow  Gunn 
and  East.  At  20°C  for  X-band,  Ryde  and  Ryde  predict  a  normalized  attenuation 
coefficient  of  0.0475  dB/km  per  gm/m^  while  Gunn  and  East  predict  a  value  of 
0.0483  dB/km  per  gm/m^,  a  difference  of  less  than  2%. 
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The  method  of  Chen13  is  used  here  for  the  attenuation  calculation: 


Ar  =  0.811 


x#(T)  x  A 


in  units  of  dB, 


where:  M(h )  =  cloud  water  density  in  gm/m3 
X  =  radar  wavelength  in  cm 

$(T)  =  temperature  correction  factor  (dimensionless) 
A  =  path  length  in  layer  in  nm. 


The  temperature  correction  factor  arises  because  the  index  of  refraction 
of  water  is  temperature  dependent.  The  correction  factor  $(T)  is  defined: 

$(T)  «  "1  (T)/y(18°C) 

where  y  is  attenuation  coefficient  in  dB/nm.  Values  of  4>(T)  are  given  in 
Table  3  after  Goldstein:14 


TABLE  3 


Correction  Factor  $(T) 


X,  cm 

•  1 

J) _ 

0°C 

10  °C 

18  °C 

20  °C 

30  °C 

40°C 

0.5 

1.59 

111 

1.0 

m 

m 

m 

1.25 

1.93 

1.0 

i&a 

ESI 

EMU 

3.2 

1.98 

m 

1.0 

0.95 

ESI 

0.56 

10 

2.0 

1.25 

1.0 

0.95 

wXm 

0.59 

Cloud  attenuation  was  then  calculated  for  frequencies  of  L-  through  X-bands, 


using  the  terms: 

y(h)  *  0.811  x.  M(h)/X2 

dB/nm 

Y(h,T)  *  Y(h)  x  *(T) 

dB/nm 

Ac  =  Y(h,T)  x  A 

dB 

-9- 

An  example  of  these  calculations,  for  the  X-band  case  in  a  fall-spring  cloud 
is  shown  in  Table  4: 


TABLE  4 


X-Band  (3.0  cm)  Cloud  Attenuation  for  Fall-Spring  Maritime  Model 


wHM 

hr 

mmm 

BlLtfi 

ww 

Bill 

Mm!)  jJiXIgBKi 

A 

nm 

dB 

4,000 

8 

.12 

.0108 

1.39 

.0150 

9.24 

.1387 

5,000 

6 

.28 

.0251 

1.50 

.0377 

8.12 

.3062 

6,000 

4 

.41 

.0373 

1.65 

.0616 

7.66 

.4717 

7,000 

2 

.53 

.0476 

1.80 

.0856 

7.  If. 

.6132 

8,000 

0 

.60 

.0541 

2.00 

.1081 

6.68 

.7222 

9,000 

-2 

.55 

.0492 

2.20 

.1082 

6.36 

.6884 

10,000 

-3 

.39 

.0352 

2.30 

.0809 

6.01 

.4860 

11,000 

-5 

.13 

.0122 

2.50 

.0305 

5.77 

.1757 

12,000 

2-way 

3.6022 

7.20  dB 

Table  5  gives  the  results  of  the  above  calculations  for  L-  to  X-band  in 
fall-spring  and  winter  temperature  and  density  profiles. 


TABLE  5 

Cloud  Attenuations  for  L-  to  X-Band 


Radar 

Band 

-^Model 

-  Wavelengtft^. 

Fall-Spring  Maritime 

Winter  Maritime 

L 

0.29  dB 

0.24  dB 

S 

10  cm 

0.64 

0.61 

C 

2.26 

2.13 

X 

3.0  cm 

7.20 

6.76 
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5.  Detection  at  Reduced  Ranges 

The  scenario  examined  above  represents  maximum  range  detection  by  a  65  kft 
altitude  aircraft  against  a  200  ft  altitude  target  (300  nm),  just  above  the 
limb  of  the  earth.  While  this  represents  the  earth-curvature-limited  detec¬ 
tion  range  from  a  high  altitude  radar,  a  substantial  operational  capability 
is  still  retained  if  detection  range  is  reduced  to  200  nm  by  attenuation.  For 
six  aircraft  at  65,000  feet  equally  spaced  at  300  nm  out  from  the  Task  Force, 
a  200  nm  radar  range  would  give  a  range  in  the  notch  between  radars  of  nearly 
400  nm  from  the  Task  Force,  as  illustrated  in  Figure  4.  Therefore,  the  weather 
effects  at  ranges  of  200  and  250  nm  were  examined. 

Figure  5  shows  the  radar  path  lengths  through  clouds  and  rain  for  target  ranges 
of  300,  250,  and  200  nm.  Note  that  the  ranges  in  clouds  and  in  rain  change  at 
different  rates,  with  the  biggest  change  occurring  between  300  and  250  nm  for 
clouds  as  opposed  to  between  250  and  200  nm  for  rain. 

The  first  step  in  examining  reduced  ranges  is  to  determine  the  new  path  lengths 
in  each  layer  which  was  done  geometrical ly  using  the  four-thirds  earth  model 
for  refraction.  Table  6  gives  the  incremental  path  lengths  for  the  200  and 
250  nm  paths. 
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Figure  4.  Coverage  Patterns  for  Various  Radar  Ranges 


Radar  Range 
(nml) 


Minimum  Coverage 
Range  fnwl) 


179n*1 


TABLE  6 


Incremental  Path  Lengths  Through  Clouds  and  Rain  from  65  kft 
to  200  ft  Altitude  for  250  and  200  nm  Ranges 


5.11 


3.90 
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Once  the  incremental  path  lengths  are  determined,  it  becomes  merely  a  matter 
of  multiplying  these  new  path  lengths  by  the  attenuation  factors,  y(h,T), 
already  determined  for  each  level.  As  an  example  of  the  process,  Table  7 
shows  the  calculations  for  X-band  in  the  fall -spring  cloud. 

TABLE  7 

X-Band  Cloud  Attenuation  at  Reduced  Ranges  - 
Fall -Spring  Maritime  Model 


I 
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200  nm 

250  nm 

h 

A 

Ac! oud 

IMOPM 

A 

Acloud 

feet 

MB'  1 » Ji|W  Sill! 

nm 

dB 

nm 

dB 

4,000 

.0150 

4.56 

.0684 

.0150 

7.05 

.1058 

5,000 

.0377 

4.47 

.1685 

.0377 

6.66 

.2511 

6,000 

.0616 

4.31 

.2655 

.0616 

6.27 

.3862 

7,000 

.0856 

4.25 

.3638 

.0856 

6.00 

.5136 

8,000 

.1081 

4.13 

.4465 

.1081 

5.70 

.6162 

9,000 

.1082 

4.06 

.4393 

.1082 

5.50 

.5951 

10,000 

.0809 

3.95 

.3196 

.0809 

5.26 

.4255 

11,000 

.0305 

3.90 

.1190 

.0305 

5.11 

.1559 

12,000 

2.1905 

3.0494 

2-way  - 

4.38  dB 

2-Way  - 

6.10  dB 
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Cloud  Attenuation  at  Ranges  of  200  nm  to  300  nm 


The  cloud  attenuation  results  for  L-band  through  X-band  were  calculated  for 
the  winter  and  fall-spring  maritime  clouds.  The  results  are  shown  in  Table  8 

TABLE  8 

2-Way  Cloud  Attenuations  in  dB  for  Various  Ranges  Given 

Winter  Maritime 


300  nm 

250  nm 

200  nm 

L-Band 

0.24 

0.21 

0.15 

S-Band 

0.61 

0.52 

0.38 

C-Band 

2.13 

1.82 

1.33 

X-Band 

6.76 

5.79 

4.23 

Fall -Spring  Maritime 


300  nm 

250  nm 

200  nm 

L-Band 

0.29 

0.21 

0.15 

S-Band 

0.64 

0.55 

0.40 

C-Band 

2.26 

1.91 

1.37 

X-Band 

7.20 

6.10 

4.38 
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C.  Rain  Attenuation 

Attenuation  by  moderate-to-heavy  rain  can  be  even  more  stressing  upon  micro- 
wave  propagation  than  the  attenuation  by  clouds.  Rain  attenuation  is  also, 
however,  much  more  difficult  to  estimate  than  cloud  attenuation.  There  are 
several  reasons  for  this  added  complexity,  among  them: 


•  Droplet  Attenuation:  The  Rayleigh  approximation  (assuming 
droplet  size  <<  wavelength)  is  not  valid  for  theoretical  pre¬ 
dictions  of  scattering  for  the  size  of  raindrops  typically 
encountered  (large  when  compared  to  cloud  particles)  and  the 
calculations  of  attenuation  must  be  based  on  Mie's  exact 
formulation  for  spheres.  This,  in  turn,  is  not  precise  as 
raindrops  tend  toward  oblateness,  while  their  axes  of  symmetry 
may  or  may  not  be  oriented  vertically,  and  the  base  of  the 
drop  may  or  may  not  be  concave.1® 


•  Measurement  Errors:  Measured  rainfall  attenuation  tends  to  be 
appreciably  higher  than  that  predicted  by  theory.  It  has  been 
speculated  that  the  measured  data  is  in  error  due  to  poor  charac 
terization  of  the  rain  field  (both  spectrally  and  temporally) 
during  experiments  and  neglect  of  the  effects  of  temperature 
and  wind.16*17  (This  is  discussed  in  detail  in  Appendix  B.) 


•  Precipitation  Density  within  Cloud:  Calculated  attenuations  for 
rainfall  generally  deal  with  rainfall  below  cloud  level  and, 
therefore,  neglect  the  updrafting  of  rain  and  do  not  deal  with 
water  content  and  drop  size  distribution  within  the  cloud.  Due 
to  the  updrafting  phenomenon,  radar  rain  attenuation  within  the 
cloud  will  be  greater  than  that  below  the  cloud.  This  is  due  to 
difficulties  in  assessing  rain  within  clouds  where  updrafting  of 
rain  results  in  lower  actual  rainfall  rate  but  higher  precipitated 
water  content. 


•  Drop  Size  Variability:  Calculations  and  measurements  of  rainfall 
attenuation  have  usually  not  accounted  for  a  variability  in  drop 
size  distributions  or  in  grouping  of  rainfall  rates.1® 


•  Increased  Non-Precipitating  Water  Beneath  Cloud 


f 
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1.  Rainfall  Rate 


The  standard  measurement  for  rainfall  comparisons  is  "rainfall  rate."  This, 
however,  does  not  accurately  specify  all  of  the  significant  parameters  for 
radar  attenuation,  particularly  for  that  portion  of  the  precipitation  within 
the  cloud.  For  a  typical  cold  front,  the  surface  rain  rate  is  about  1.2  mm/hr; 
for  a  typical  warm  front,  the  rate  is  about  0.6  mm/hr. ^  Within  the  cloud 
there  are  updrafts  which  will  yield  a  much  larger  concentration  of  droplets, 
which  can  comprise  a  liquid  water  content  four  times  greater  than  that  in  the 
surface  rain.  These  drops  within  the  cloud  are,  on  average,  assumed  to  be 
represented  by  a  very  similar  drop  size  distribution  when  compared  to  those 
reaching  ground.  A  representative  plot  of  the  rain  water  content,  described 
as  an  effective  rain  rate,  is  shown  in  Figure  5. 

Rain  rates  for  a  fall-spring  and  a  winter  model  were  pro-rated  according  to 
vertical  precipitation-water  concentration  profiles  for  fall-spring  and  winter 
widespread  precipitation.2  in  order  to  use  such  a  pro-rating  of  rain  rates, 
the  conservative  assumption  was  made  that  there  is  no  dependence  of  drop-size 
distribution  upon  either  altitude  or  updraft  velocity.  Thus  rain-rate  is 
directly  proportional  to  precipitation-water  content.  Figure  5  shows  the 
profiles  pictorial ly. 
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Fall-Spring  Freezing  Level 


2.  Attenuation  Calculations 


For  the  attenuation  calculations  here,  a  light  rain  is  assumed  with  2.5  mm/hr 
surface  rate.  This  would  be  representative  of  relatively  strong  frontal  rain. 
While  the  results  of  theoretical  calculations  are  widely  quoted,  there  is  only 
a  small  amount  of  experimental  attenuation  data  available,  and  none  below  X-band 
(The  lack  of  experimentation  at  C-,  S-,  and  L-bands  occurs  principally  because 
the  rain  attenuation  is  significantly  less  in  these  bands  and  is  extremely 
difficult  to  separate  from  other  losses.)  There  is  also  large  scatter  in  the 
X-band  measurements.  Table  9  compares  values  of  the  2.5  mm/hr  rain  attenuation 
coefficient  for  X-band  from  various  sources. 

TABLE  9 


Theoretical  and  Experimental  Values  of  Rain  Attenuation  at  X-Band 

Rain  Rate  of  2.5  mm/hr 


Source 

■H 

HK3MI 

k 

(dB/km) 

Theoretical  Data 

Ryde  and  Ryde^ 

3.2 

18 

.0317 

F.  D.  Dyer  et  al  20 

3.2 

Not  Given 

.025 

Medhurst2* 

«* 

3.0 

20 

.0284 

Atlas  et  al 22 

3.2 

18 

.024 

Hawkins  and  LaPlant28 

3 

Not  Given 

.025 

Falcone  et  al24 

3 

20 

.0311 

R.  M.  Dyer  and  Falcone28 

3.2 

18 

.020  +  .004 

Ananasso26 

3.2 

-10  to  +20 

.0131  to  .0315 

Cantor27 

3.0 

Not  Given 

.040 

Measured  Data 

Currie  et  al2® 

3.2 

10 

.055 

Medhurst2^ 

3.2 

Not  Given 

_ 

.065  +  -048 
-  .020 
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There  is  a  substantial  variation  between  the  theoretical  values  (using  Mie 
theory)  and  experimental  values  of  attenuation  coefficient  shown  in  Table  9. 
They  are  due  primarily  to: 


•  Poor  characterization  of  instantaneous  rain  fields 

•  Small  measurement  errors  produce  large  errors  in  coefficients 

•  Wind  and  temperature  effects  are  frequently  ignored 
0  Polarization  effects  are  frequently  not  considered. 

These  are  discussed  in  Appendix  B. 

R.  M.  Dyer's  method^O  appears  relatively  thorough,  including  an  extensive  evalu¬ 
ation  of  variabilities  in  drop  size  distributions  and  temperature  effects.  This 
method  estimates  X-band  attenuation  to  be  0.020  _+  .004  dB/km  for  2.5  mm/hr. 

Table  10  gives  Dyer's  figures  for  the  normalized  attenuation  coefficients  "k/Rain 
Rate"  at  S-,  C-,  and  X-bands  for  various  rain  rates  and  temperatures. 


TABLE  10 

Normalized  Rain  Attenuation  Coefficients  k/R  (dB  km-i/mm  h_1)  and  Variability 

From  Dyer  and  Falcone^ 


Radar 

Rain 

Normal ized 

Attenuation  Coefficient 

and 

Variabil ity 

Freq. 

(GHz) 

Wavelength 

(cm) 

Rate 
(mm  h"l) 

0°C 

10°  C 

18°  C 

Averaged 
0°C  to  18 

°C 

3.0 

10 

3 

6.9xl0“4 

11% 

4.5xl0"4 

11% 

3. 0x1 O’4 

11% 

4.6xl0-4 

32% 

15 

6.1X10'4 

5' 

i.OxlO-4 

5% 

3.0xl0"4 

5% 

4.4xl0“4 

32% 

70 

6. lxlO"4 

5% 

4.0xl0-4 

5% 

3.1xl0-4 

7% 

4.4xl0~4 

31% 

5.5 

5.45 

3 

2.9xl0-3 

4% 

2.0x10-3 

4% 

1.5x10-3 

4% 

2.1x10-3 

28% 

15 

3.1xl0-3 

17% 

2.2x10-3 

17% 

1.8x10-3 

15% 

2.5x10-3 

28% 

70 

4.1x10-3 

29% 

3.3x10-3 

29% 

2.8x10-3 

33% 

3.4x10-3 

29% 

9.4 

3.2 

3 

l.lxlO-2 

10% 

9x10-3 

14% 

8x10-3 

18% 

9x10-3 

20% 

15 

1.4x10-2 

7% 

1.4x10-2 

11% 

1.3x10-2 

16% 

1.4x10-3 

11% 

70 

1.7x10-2 

21% 

1.9x10-2 

27% 

1.9x10-2 

31% 

1.8x10-2 

25% 
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For  the  radar  attenuation  calculations,  the  upper  bound  attenuations  (the 
mean  value  plus  one  sigma)  were  used.  This  gives  k  of  0.024  dB/km  at  X-band 

*  (3.2  cm)  for  18°C  and  2.5  mm/hr  rain.  Since  Dyer  data  was  not  calculated  for 
L-band,  the  L-band  attenuation  was  calculated  by  Medhurst's  method. 21 

Since  the  data  in  Table  10  are  not  given  for  each  of  the  temperatures  in  the 
layered  atmosphere  models  used,  graphs  were  drawn  for  each  frequency  of  both 
the  mean  and  standard  deviation  of  k/R  versus  temperature.  Figure  6  is  an 
^  example  for  X-band.  The  actual  values  used  in  the  attenuation  calculations 

depended  on  "effective"  rainfall  rate,  and  thus  deviated  from  a  2.5  mm/hr 
curve  as  shown  by  the  data  on  Figure  6. 

*  For  actual  rain,  the  raindrops,  unlike  cloud  aerosols,  are  not  in  thermal 
equilibrium  with  the  surrounding  atmosphere,  being  cooler  than  ambient  tem¬ 
perature.  In  addition,  temperature  gradients  exist  within  the  drops.  These 

*  effects  are  not  large,  and  were  neglected  in  this  analysis.  The  raindrops 
were  therefore  assumed  to  be  at  the  ambient  temperature. 

Because  ice  attenuates  much  less  (dB  attenuation  n,.oi  that  of  water  droplets), 
the  attenuation  due  to  precipitation  above  the  0°C  altitude  was  neglectable 
(whereas  that  due  to  supercooled  cloud  droplets  was  not).  Also  the  increased 
j  attenuation  in  the  few  hundred  feet  of  the  "bright  band"  just  below  the  freezing 

altitude  was  treated  as  if  it  were  the  attenuation  due  to  totally  liquid  drop¬ 
lets  instead  of  the  larger  partially  melted  ice  particles  with  liquid  exteriors 
I  common  to  the  "bright  band." 

Table  11  is  an  example  of  fall-spring  X-band  rain  attenuation  calculations. 
Attenuation  coefficients  and  sigmas  (o)  were  figured  from  Figure  6,  and  multi¬ 
plied  by  the  layer  path  length  (A).  These  were  then  summed  over  all  layers 
and  doubled  to  yield  a  final  two-way  rain  attenuation.  Table  12  gives  results 
for  both  seasons  in  each  radar  band. 
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k/R  ([dB/km]/[mm/hr])  x  102 


l 


Temperature:  0°  2°  4°  6°  8°  10°  12°  14°  16°  18° 


TABLE  11 


X-Band  Rain  Attenuation 
for  Fall-Spring  Maritime  Model 


m 

T  (°C) 

■SEH 

TT(h.T) 

dB/nm 

1  +  o 

k(h,T) 

dB/nm 

A 

nm 

aR 

dB 

200 

16 

2.5 

.0380 

1.17 

.0444 

24.38 

1.0830 

1,000 

14 

2.5 

.0389 

1.16 

.0451 

16.67 

0.7521 

2,000 

12 

2.5 

.0403 

1.15 

.0463 

12.63 

0.5851 

3,000 

10 

2.5 

.0417 

1.14 

.0475 

10.52 

0.4997 

4,000 

8 

6.5 

.1300 

1.12 

.1456 

9.24 

1.3455 

5,000 

6 

10.0 

.2296 

1.10 

.2526 

8.12 

2.0512 

6,000 

4 

7.5 

.1625 

1.10 

.1788 

7.66 

1.3693 

7,000 

2 

3.0 

.0583 

1.11 

.0648 

7.16 

0.4636 

8,000 

0 

1.5 

.0278 

1.12 

.0311 

6.68 

0.2078 

9,000 

2-way 

8.3573 

16.71  dB 

TABLE  12 

Rain  Attenuation  for  L-X  Bands 
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Rain  was  also  examined  for  the  effects  of  reduced  radar  elevation  angle,  as 
was  done  for  the  cloud  case.  Table  13  shows  representative  calculations  for 
fall-spring  rain  attenuation  in  the  200  and  250  nm  paths  for  X-band.  Table  14 
gives  the  results  for  both  seasons  and  each  radar  band. 

0.  Total  Attenuation 

Table  15  gives  the  cloud,  rain,  and  total  weather  attenuations  for  the  seasons, 
ranges,  and  radar  bands  discussed  above.  Table  16  combines  these  results  with 
the  atmospheric  attenuation  over  a  300  nm  path. 


r 
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TABLE  13 


X-Band  Rain  Attenuation  at  Reduced  Ranges 


Fall-Spring  Maritime  Model 


200  nm 

250  nm 

h  (feet) 

k(h,T) 

dB/nm 

,  .  . 

A 

nm 

loud 

dB 

k(h,T) 

dB/nm 

A 

nm 

Acl oud 
dB 

200 

.0444 

4.15 

.1843 

.0444 

8.16 

.3623 

1,000 

.0451 

5.00 

.2255 

.0451 

9.08 

.4095 

2,000 

.0463 

4.87 

.2255 

.0463 

8.27 

.3829 

3,000 

.0475 

4.70 

.2233 

.0475 

7.57 

.3596 

4,000 

.1456 

4.56 

.6639 

.1456 

7.05 

1.0265 

5,000 

.2526 

4.47 

1.1291 

.2526 

6.66 

1.6823 

6,000 

.1788 

4.31 

.7706 

.1788 

6.27 

1.1211 

7,000 

.0648 

4.25 

.2754 

.0648 

6.00 

.3888 

8,000 

.0311 

4.13 

.1284 

.0311 

5.70 

.1773 

9,000 

2- Way 

3.8260 

=  7.65  dB 

2-Way  = 

5.9102 

11.82  dB 
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TABLE  14 

2-Way  Rain  Attenuation  for  200-300  nm  Ranges 


Fal 1 -Spring  Maritime 


Range 

300  nm 

250  nm 

200  nm 

L-Band 

0.22  dB 

0.36  dB 

S-Band 

0.74 

0.53 

1.08 

C-Band 

3.38 

2.43 

4.34 

X-Band 

16.71 

11.82 

17.92 

Winter  Maritime 


Range 

300  nm 

250  nm 

200  nm 

L-Band 

0.17  dB 

0.10  dB 

0.06  dB 

S-Band 

0.55 

0.33 

0.20 

C-Band 

2.20 

1.34 

0.81 

X-Band 

9.43 

5.65 

3.42 

-2 


Total  Heather  Attenuat 


X-Band  4.38  7.65  12.03  4.23  3.42  7.65 


TABLE  16 


E.  Thunderstorms 

Thundershowers  have  severe  local  radar  attenuation,  but  are  relatively  small 
in  breadth  and  occur  a  small  percentage  of  the  total  time.  The  worldwide 
occurrence  of  thunderstorms  is  given  in  Charts  1-4  for  each  of  the  seasons 
after  U.S.  Naval  Weather  Service  Data. 31  This  data  clearly  shows  that  the 
occurrence  of  thunderstorms  in  most  areas  of  operational  significance  to  the 
U.S.  Navy  is  relatively  limited,  with  the  largest  incidence  being  over  tropi¬ 
cal  land  areas. 

A  study  of  thunderstorms  in  central  New  England^?  was  conducted  by  P.M.  Austin 
at  MIT's  Lincoln  Laboratory  in  the  1960s.  Data  from  this  study  indicated 
that  for  a  ground  radar  looking  at  elevation  angles  above  5°  (the  reciprocal 
of  an  airborne  radar  looking  down  at  -5°)  severe  attenuation  (10  dB  or  more 
at  10  GHz)  would  be  encountered  less  than  6  hours  per  year  along  each  par¬ 
ticular  azimuth  and  less  than  30  hours  per  year  in  aRy  direction.  Figure  7, 
showing  Austin's  results  extrapolated  to  the  horizontal,  indicates  that  at 
0°  elevation  the  severe  attenuation  would  be  encountered  less  than  10  hours 
per  year  at  a  single  azimuth  and  less  than  80  hours  per  year  in  any  direction. 
If  the  airborne  radar  is  conducting  surveillance  over  no  more  than  180°,  a 
figure  of  about  40  hours  per  year  is  typical  and  amounts  to  less  than  0.5% 
of  a  year.  Data  in  Charts  1-4  extends  the  Austin  data  beyond  New  England 
and  confirms  this  figure  (0.5%)  as  an  upper  bound  on  the  occurrence  of  severe 
radar  attenuation  due  to  thunderstorms  in  Navy  operational  areas. 


Chart  3.  JUN  -  JUL  -  AUG  Average  number  of  days  with  THUNDERSTORMS 


Chart  2.  MAR  -  APR  -  MAY  Average  number  of  days  with  THUNDFr STORMS 


Chart  4.  SEP  -  OCT  -  NOV  Averaqe  number  of  davs  with  THUNDERSTORMS 


Along  a  particular  azimuth 


Figure 


10  20  30  40  50  60 

Elevation  Angle  (degrees) 


7.  Thunderstorm  Occurrence  In  Central  New  England 


Number  of  hours  per  year  of  severe  attenuation  (10  db  or 
more  of  10  GHz  radiation)  by  Intense  thunderstorms  for 
stations  In  central  New  England. 
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APPENDIX  A 


CLOUD  DENSITIES 

To  calculate  anticipated  attenuation  in  clouds,  the  cloud  liquid  water  content 
must  be  known.  This  figure,  however,  may  not  be  known  with  much  precision. 

Some  radar  texts  quote  densities  of  typical  clouds  without  identifying  types 
of  cloud.  The  Radar  Handbook,  by  Skolnik3  (p.  24-22),  for  instance,  quotes 
Donaldson  in  giving  observational  values  of  cloud  densities  over  the  range  of 
1  to  2.5  gm/m3.  The  Donaldson  data  were  acquired  by  radar  prior  to  1956. 

During  the  1950s  and  1960s,  however,  radar  was  not  a  good  tool  for  the  obser¬ 
vation  of  clouds.  It  has  only  been  during  the  1970s  with  the  utilization  of 
dual  frequencies,  dual  polarization,  and  doppler  processing  that  radar  has  been 
capable  of  making  quality  cloud  observations  (see  Gossardl5  -  p.  116).  There¬ 
fore,  in-situ  measurements  should  be  considered  for  cloud  parameters. 

Various  methods  have  been  used  to  make  in-situ  measurements,  mostly  from 
powered  or  glider  aircraft.  The  methods  include: 

•  photography 

•  exposing  to  the  airstream  slides  coated  with  grease  or  some 
other  material  which  retains  either  the  droplets  or  their 
impressions  for  later  sizing  and  counting,  and 

•  various  active  and  passive  optical  scattering  measurement  devices. 
Some  of  these  results  along  with  the  Radar  Handbook  data  are  summarized  in 
Table  A-l. 

As  can  be  seen  In  the  table,  the  values  quoted  in  Skolnik  seem  to  be  high  for 
clouds  in  general.  Even  small  cumulus  clouds  may  have  low  water  content  due 
to  mixing  with  outside  air.  The  experimental  techniques  have  differed,  but 


A-l 


it  seems  fair  to  state  that  the  values  used  in  the  body  of  this  paper  for 
densities  are  appropriate  and  lead  to  values  of  cloud  attenuation  that  are 
about  one-sixth  what  they  would  have  been  had  the  value  of  2.5  gm/cm^  quoted 
in  Skolnik  been  used. 
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TABLE  A-l 


CLOUD  MOISTURE  CONTENT  MEASUREMENTS 


Reference 

Year 

Reported 

Cloud  Type 

Water  Content 

(gm/m8 

1.  Bean  et  al  ,8  in 

Radar  Handbook: 

•  Weickmann  and  Aufm  Kampe 

1953 

Cumulus  congestus 

4.0 

•  Donaldson,  R.  J.,  Jr. 9 

1955 

— 

1-2.5 

2.  Mason8  and  Gossardl5 

•  Weickmann  and  Aufm  Kampe 

1953 

Fair  weather  cumulus 

1.0 

Cumul onimbus 

2.5 

Cumulus  congestus 

3.9 

•  Squi res 

1958 

Continental  cumulus 

0.35 

Tradewind  cumulus 

0.81 

Hawaiian  dark  stratus 

0.335 

i  Kazas 

Hawaiian  orographic 

0.523 

Altostratus 

0.6 

•  Diem 

1948 

Fair  weather  cumulus 

0.32 

Cumulus  congestus 

0.87 

Stratocumulus 

0.09 

Altostratus 

0.28 

Nimbostratus 

0.40 

Stratus 

0.29 

3.  Mason5 

•  Warner  and  Newnhan 

1952 

Stratocumulus 

0.3 

•  Kline  and  Walker 

1951 

Stratocumulus 

0.06  to  1.30 

(avg  =  0.30) 

t  Neiburger 

1949 

Stratus  (1600  ft  thick) 

0.67  (max.) 

4.  Breed  et  al 33 

1976 

Cumulus 

0.015  to  0.405 
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APPENDIX  B 

RAINFALL  ATTENUATION  -  THEORY  AND  EXPERIMENT 

There  are  several  problems  related  to  the  measurement  of  rainfall  attenu¬ 
ation  which  seriously  degrade  the  accuracy  of  the  results  and  force  greater 
reliance  on  theoretical  calculations  for  predicting  attenuation;  they  include 

•  Poor  characterization  of  the  rain  field 

•  Non-typical  raindrop  size  distributions 

•  Large  attenuation  coefficient  errors  produced  from  small 
measurement  errors 

•  Wind  effects  neglected 

•  Temperature  effects  frequently  neglected 

•  Polarization  effects  frequently  neglected. 

The  first  problem  that  confronts  the  experimentalist  in  measuring  rainfall 
attenuation  is  measuring  the  rainfall.  There  is  an  inherent  conflict  at  the 
lower  frequencies  which  is  difficult  to  resolve:  if  the  antenna  spacing  in 
an  experiment  is  small,  attenuation  will  be  too  small  to  measure;  and  as 
path  length  is  increased  the  likelihood  of  a  uniform  precipitation  field  is 
decreased. 

In  the  single  X-band  experiment  cited  by  Medhurst,  only  a  single  rain  gauge 
was  used;  in  one  of  two  cases  it  was  displaced  from  the  line  of  sight  by 
1000  ft  and  at  the  transmitter  end  of  the  antenna  line  of  sight,  and  in  the 
other  case,  it  was  500  ft  offset  from  the  antenna  line  of  sight  and  at  the 
receiver  end.  The  path  length  was  900  feet.  Additionally,  the  rain  gauges 
gave  only  average  rain  rates  over  approximately  one-minute  Intervals.  Other 
sources  have  apparently  found  that  this  (60  sec)  Is  about  the  greatest  length 
of  time  for  temporal  uniformity  of  rain,  and  the  odds  are  therefore  against 
these  rain  rates  being  uniform  In  time  over  the  period  of  collection. 
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The  Medhurst  data  were  collected  during  two  storms,  one  of  which  had  rain¬ 
fall  rates  up  to  130  mm/hr.  The  environmental  conditions  in  these  storms 
would  probably  vary  substantially  from  that  typical  of  frontal  rain  even  for 
similar  rain  rates. 

Another  problem  is  that  small  errors  in  measurements  of  signal  losses,  when 
the  signal  losses  were  small  to  begin  with,  could  lead  to  large  relative 
errors  and  hence  large  errors  in  the  attenuation  coefficients.  The  data 
cited  by  Medhurst  suggests  a  mean  value  of  0.12  dB/nm  in  a  band  between  0.22 
and  0.07  dB/nm  (0.12  dB/nm  +  84%  or  -  42%),  demonstrating  considerable  scatter. 
Reducing  the  relative  size  of  the  errors  by  increasing  the  attenuation,  which 
could  be  accomplished  by  lengthening  the  path,  would  worsen  the  characteriza¬ 
tion  of  the  rain  field. 

Neglect  of  wind  effects  is  another  potential  error  source  or  problem.  There 
is  evidence  to  show  that  winds  in  general,  and  gusting  winds  in  particular, 
will  reduce  rain  drop  velocity  and  thus  support  larger  amounts  of  water  than 
calm  air  given  the  same  surface  rainfall  rate,  hence  increasing  the  total 
amount  of  water  present  in  the  air  and  therefore  attenuation.  Rain  rate  can 
be  described  by: 

Rain  Rate  =  (Volume  of  water/Volume)  x  (Velocity  of  water  drops) 

Thus  it  can  be  seen  that  wind  updrafts  that  decrease  drop  velocity  will  greatly 
affect  water  volume  and  rain  rate. 

An  additional  error  source  Is  neglect  of  temperature  effects.  Figure  B-l  shows 
the  temperature  correction  factors  of  Interest  to  this  paper.  The  factors  make 
allowance  for  the  temperature  dependence  of  the  complex  Index  of  refraction  of 
water.  The  range  of  values  for  X-band  at  2.5  mm/hr  Is  about  20%,  or  0.82  to 
1.03.  Temperatures  are  not  given  for  the  X-band  measurements  In  Medhurst. 
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Still  another  error  source  arises  from  polarization  effects  on  drops  which 
*  have  departed  from  spherical  shape.  Since  such  departures  are  nearly  always 

toward  the  prolate,  horizontally  polarized  waves  are  attenuated  more  than 
vertically  polarized.  For  X-band  and  2.5  mm/hr,  an  increase  of  2.5%  would 
I  occur  over  the  perfect  spherical  case. 

The  possible  summing  of  all  these  effects  can  yield  large  differences  between 

different  measurements  and  between  measured  and  calculated  values. 
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Figure  B-l 

Temperature  Correction  Factors  for  Complex  Index  of  Refraction  In  Rain 


